The isotype specificity of immunoglobulin (Ig) class switching is regulated by a cytokine which induces transcription of a specific switch (S) region, giving rise to so-called germline transcripts. Although previous studies have demonstrated that germline transcription of an S region is required for class switch recombination (CSR) of that particular S region, it has not been shown whether the level of S region transcription affects the efficiency of CSR. We addressed this question by using an artificial DNA construct containing a constitutively transcribed switch (S ) region and an ␣ switch (S ␣ ) region driven by a tetracycline-responsive promoter. The construct was introduced into a switch-inducible B lymphoma line and the quantitative correlation between S ␣ region transcription and class switching efficiency was evaluated. The level of S ␣ transcription was linearly correlated with CSR efficiency, reaching a plateau at saturation. On the other hand, we failed to obtain the evidence to support involvement of either RNA-DNA heteroduplex or trans germline transcripts in CSR. Taken together, it is likely that S region transcription and/or transcript processing in situ may be required for CSR. We propose that because of the unusual properties of S region DNA, transcription induces the DNA to transiently be single stranded, permitting secondary structure(s) to form. Such structures may be recognition targets of a putative class switch recombinase.
Introduction
Mature B cells expressing Ig on their surfaces become activated in peripheral lymphoid organs by encountering nominal antigens and help from T cells. Antigen-stimulated B cells actively proliferate in the germinal center and undergo two types of genetic alteration in their Ig gene loci. One is class switching which replaces the C region of the Ig H chain and changes isotypes from IgM to IgG, IgE or IgA, resulting in diversification of effector functions of the Ig recognizing a given antigen. The other alteration is somatic hypermutation (SHM) * in the V regions of the Ig light and H chains, which generates Igs with diverse affinities to the antigen. Subsequently, B cells expressing high affinity Igs are selected by limited amounts of antigens, resulting in affinity maturation.
Class switch recombination (CSR) is accompanied by looping-out deletion of CH genes by recombination between switch (S ) region and one of downstream switch (S) regions located 5 Ј to each CH gene (1) . S regions are composed of tandemly repetitive sequences (2) (3) (4) (5) . CSR can be divided into three steps: (a) selection of a target S region to be recombined with the S region; (b) cleavage of that particular S and S regions; (c) repair joining to generate a looped-out circular DNA and a deleted chromosomal IgH locus. The repair step of CSR has been well established to be mediated by the nonhomologous end joining (NHEJ) repair mechanism which is also involved in V(D)J recombination (6) (7) (8) .
The target commitment of CSR to a particular S region is determined by transcription from an intronic (I) promoter located 5 Ј to each S region, which gives rise to syn-thesis of so-called germline transcripts (9, 10) . Mutations which abolish germline transcription severely affect CSR efficiency (11) (12) (13) (14) (15) . As stimulation of B lymphocytes with different cytokines induces activation of specific I promoters, specificity of the CSR target S region appears to be determined by cytokines provided by T cells (16) . The accessibility model proposes that such transcription of the S region enhances its accessibility to a putative cleaving enzyme (17) . However, the exact molecular basis for accessibility or target selection is totally unknown. It has been speculated that germline transcripts per se may have some functional roles in CSR although they cannot encode any proteins. One hypothesis is the formation of transient heteroduplexes or R-loop with the S region, providing the specific structure for recognition by the cleaving enzyme (18) (19) (20) . Splicing of germline transcripts has also been claimed to be required for CSR (21, 22) . Actual breakpoints of CSR have been clustered in S regions and its flanks whose sequences are spliced out from the germline transcripts (23, 24) . These results also suggest that transcription and cleavage steps might be coupled by an unknown mechanism.
Recently, activation-induced cytidine deaminase (AID) has been shown to play a critical role in a step between germline transcription and NHEJ repair, most likely in the cleavage process of CSR (25, 26) . All the isotypes other than IgM and IgD are absent in sera of AID Ϫ / Ϫ mice and hyper IgM syndrome type 2 patients who carry mutations in the AID gene. IgM ϩ spleen cells from AID Ϫ / Ϫ mice cannot accomplish CSR even after stimulation in vitro, although they generate germline transcripts and their NHEJ repair system is intact. AID has structural homology with an RNA editing enzyme APOBEC1 (27) but its actual activity remains to be elucidated. AID is also involved in the SHM event because SHM is severely defective in AID Ϫ / Ϫ mice as well as hyper IgM syndrome type 2 patients (25, 26) . Although CSR and SHM occur independently, the two genetic events share AID as an essential molecule.
We have already shown that artificial DNA constructs containing two S regions, each transcribed by a constitutive promoter, can undergo CSR in a murine B lymphoma line CH12F3-2, which can switch efficiently from IgM to IgA by in vitro stimulation with cytokines and CD40 ligand (CD40L; reference 28). To investigate roles of germline transcription and its products in CSR, we generated a new DNA construct, in which one of the S region is regulated by a tetracycline (tet)-responsive promoter. Using CH12F3-2 transfectants with this construct, we showed that transcription of the S region is quantitatively associated with CSR efficiency. However, we could not obtain the evidence that germline transcripts per se are required for CSR. To explain these results, we propose that because of the unusual properties of S region DNA, transcription induces the DNA to transiently be single stranded, permitting secondary structure(s) to form. Such structures may be recognition targets of a putative class switch recombinase.
Materials and Methods

Constructs.
A tet-inducible substrate of CSR, pSCT(0,0) was constructed by modification of pSMC-24 (29) , which contains two transcription units driven by constitutively active human elongation factor-1 ␣ (EF1 ␣ ) promoter and SR ␣ promoter, respectively. SR ␣ promoter was replaced with tet-inducible promoter taken from pTET-Splice (GIBCO BRL), without disturbing splicing regulatory elements. Into this plasmid designated as pSCT(0,0), FS -4, and FS ␣ -2 fragments (30), which are segments of core S and S ␣ region of mouse, were inserted to generate pSCT( , ␣ ).
To construct an expression vector, pCESS-V, TM-EGFP (enhanced green fluorescence protein) fragment (29) with a 151-bp spacer (SP) from the stuffer element of pEF-BOS (31) was inserted to modified pcDL и SR ␣ (32) lacking splice acceptor sequence. Blasticidin S resistance marker (Bsr) from pSV2bsr (Kaken Seiyaku Co.) was further integrated to obtain pCESS-V. Two copies of FS ␣ -2 fragment was inserted to pCESS-V to generate pCESS-V2F ␣ . pSCG( ,2 ␣ ), a switch substrate containing the constitutive promoter-driven S regions, was described previously (29) .
CH12F3-2 Cell Transfectants and Their Analyses. CH12F3-2 cell culture and flow cytometric analyses were performed as described (28, 29) . CSR induction of CH12F3-2 transfectants was done by stimulation with CD40L, IL-4, and hTGF ␤ 1 as described (28) . HTG204 cells are CH12F3-2 transfectants with SCG( ,2 ␣ ). FTZ14 cells are CH12F3-2 transfectants expressing a tet-responsive transactivator (25) . CESS-V2Fa and SCT( , ␣ ) linearized with ScaI were introduced into HTG204 and FTZ14 cells, respectively, by electroporation. FTZ14 transfectants with Figure 1 . Structure of SCT(,␣), CSR substrate with inducible germline transcripts. SCT(,␣) contains the S␣ region, transcription of which is regulated by tet promoter (pTET). The S region is constitutively transcribed from the promoter of elongation factor 1␣ (pEF1␣). CSR results in constitutive expression of the CD8␣-EGFP fusion protein on surface, which can be monitored by FACS ® analysis. Position of primers and BamHI sites is depicted on the map. Open, closed, and shaded triangles depict primers used for genomic or DC-PCR, RT-PCR, and ChIP assay, respectively. TM, transmembrane. pA, poly A. Neo, neomycin resistance gene with its own promoter. Rectangles, exons. Arrows, promoters. SCT( , ␣ ) which showed a reasonable level of EGFP fluorescence (10-100 range of mean fluorescence intensity) without tet were selected. The integration status of SCT( , ␣ ) in the clones was examined by Southern blot analysis and transfectants with an intact single copy construct were used for further analyses.
Quantification of Pre-and Postswitch Transcripts. Total cellular RNA isolation and reverse transcription (RT)-PCR for the pre-and postswitch transcripts (Pre-ST and Post-ST) were done as described previously (29) , except for usage of TF primer (5 Ј -CCA CGC TGT TTT GAC CTC CAT GAC A-3 Ј ) instead of SF for the amplification of Pre-ST II from SCT( , ␣ ). Quantification of bands after ethidium bromide staining was performed by densitometry (MediaGrabber™, v3.0; RasterOps Corporation). Northern blot analyses were performed by the standard procedure using HybondN ϩ membrane (Amersham Pharmacia Biotech). As probes, the SV40 ori fragment (30) and the BamHI/NotI fragment covering the EGFP segment from pSRa и TM и EGFP (29) were used to detect Pre-ST I, and Pre-ST II or Post-ST, respectively. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) fragment was prepared by PCR as an internal control.
Digestion-Circularization PCR. Digestion-circulation (DC)-PCR analysis of SCT( , ␣ ) was carried out as described (33) Genomic PCR and Determination of Breakpoints. After CSR was induced at various concentrations of tet for 3 d, SCT( , ␣ ) transfectants #3 and #7 were expanded for another 3 d in a medium containing 500 ng/ml tet to prevent further CSR. We confirmed that percentages of CD8 ϩ cells were unchanged (data not shown). Genomic DNAs were isolated from those cells by the standard procedure (34) . PCR was done as described (30) . A continuum of PCR products (3-5.5 kb) were amplified from genomic DNA using BI2F and L4 as primers. Clones of these fragments were made in pGEM-T Vector (Promega) and breakpoints of individual clones were determined using sequencing primers BOS-LV-1F (5Ј-CAG CCC CAG AGA CCA GAA GAT TG-3Ј) and CD8␣I2R (5Ј-CGT CTC CCG GTC CAG GTC TCC CTC-3Ј).
Chromatin Immunoprecipitation Assay. SCT(,␣) transfectant #3 cells were cultured for 3 d with or without tet (500 ng/ml) and then an additional day with or without stimulation. Chromatin immunoprecipitation (ChIP) and quantitative PCR analyses were performed as described previously (35) . Soluble chromatin prepared from 3 ϫ 10 6 cells was used for each immunoprecipitation with 4 g each of anti-acetylated H3 antibody (Upstate Biotechnology) or normal rabbit IgG (Santa Cruz Biotechnology, Inc.). Primer sequences used to amplify the tet or I␣ promoter within chromatin immunoprecipitated DNAs are as follows. tetF, 5Ј-ATC GCC CTT CCC AAC AGT-3Ј; tetR, 5Ј-CTT TCT GGT TTT TCA GTT CCT CGA G-3Ј; IA-F, 5Ј-GAG GTG GAA CAG GAA GTG GGT GAG-3Ј; IA-R, 5Ј-TCA GTG TAC CAA TGA GCA GAG GAG-3Ј. CD19 and CD3⑀ promoter regions were used as control loci (unpublished data). All the PCR amplifications were performed in 30 cycles, except for 40 cycles in CD3⑀ primers, of 94ЊC for 15 s, 55ЊC for 30 s, 72ЊC for 1 min. Amplified bands were visualized by staining gels with SYBR Gold Nucleic Acid Gel Stain (Molecular Probes) and analyzing with a luminescent image analyzer (LAS-1000plus; FUJIFILM).
Bacterial RNaseHI Expression and Renaturation Gel Assay. An Escherichia coli RNaseHI bicistronic expression vector with the tetresponsive promoter (GIBCO BRL) and internal ribosomal entry site (IRES)-EGFP segment (CLONTECH Laboratories, Inc.) was introduced to CH12F3-2 cells. G418 resistant cells with high EGFP expression without tet (Sigma-Aldrich) were further checked for the expression of RNaseHI as described previously (36) with some modifications. In brief, cellular extracts were electrophoresed for 16 h in a 12% polyacrylamide gel containing SDS. The running gel contained 10 7 counts per min polyrA-polydT (330 pmol of AMP). After renaturation for 10 h exchanging the renaturation buffer every 1.5 and 2 h, the gel was exposed overnight to X-ray film (Hyperfilm MP; Amersham Pharmacia Biotech).
Results
The Level of Cis Germline Transcription Is Positively Correlated with CSR Efficiency. To examine whether germline transcription of the S region affects quantitatively the CSR efficiency, we constructed a new switch construct, SCT (,␣), in which the downstream S␣ region was driven by the tet promoter (Fig. 1) . The construct was introduced into a CH12F3-2 transfectant, FTZ14, which expresses the tet responsible transactivator (25) . Seven clones with integration of a single copy SCT(,␣) were selected for tetregulated EGFP expression. The CSR efficiency in the endogenous Ig and transgenic loci was estimated by surface expression of IgA and CD8␣-EGFP fusion protein, respectively, 3 d after stimulation. All of the 7 clones were found to undergo CSR in the transgene locus only when tet was withdrawn from the medium (Fig. 2 A) . By contrast, CSR efficiency in the endogenous Ig locus was not augmented by the removal of tet. The time courses of CSR in the endogenous Ig and transgene loci were similar (Fig. 2, B-D) .
The clones #3 and #7 were further investigated for the quantitative relationship between S␣ region transcription and CSR in detail. First, we quantitated the transgene S␣ transcripts regulated by tet concentrations. The clones #3 and #7 were cultured for several days at various concentrations of tet. Total cellular RNA was isolated from these cells and the transgenic S␣ transcripts (Pre-ST II) were measured by Northern blot analysis with an EGFP fragment as probe (Fig. 3 A) . We confirmed that induction of the tet promoter is augmented synchronously in total population of cells (Fig. 3 B) . The CSR efficiencies in the endogenous and transgenic loci, and the amount of transgenic S␣ transcript expression were plotted versus the concentrations of tet (Fig. 3 C) . The results showed that induction of Pre-ST II as well as appearance of CD8␣-EGFP doublepositive cells representing CSR in the transgene correlated inversely with the tet concentrations, indicating that CSR correlates with the transcription efficiency of the S region. The plot of the CSR efficiency versus the amount of S␣ transcripts indicates that there may be at least two phases: (a) the initial proportional phase and (b) the plateau phase at high levels of transcription (Fig. 3 D) . Saturation of the CSR efficiency with transcription of the S␣ region indicates that another factor or process other than S region transcription is limiting under this condition. To further confirm that surface expression of the fusion protein (CD8␣-EGFP) does represent CSR, we measured the appearance of Post-STs and recombination in the S region in clone #3. Post-ST expression increased in parallel with reduction of tet concentrations, which directly correlates with appearance of CD8 ϩ cells (Fig. 4 A) . Genomic PCR showed that increase in diffuse bands at the size range (3.0-5.5 kb) expected from CSR-mediated deletion between two S regions, indicating that DNA rearrangements clearly occurred in parallel with reductions of tet concentrations, which correlates with increase in CD8 ϩ cell numbers (Fig. 4 B) . DC-PCR further confirmed that S region recombination is dependent on S␣ region transcription (Fig. 4 C) . Recombination junction sequences were also determined by cloning genomic PCR products from 3.0-to 5.5-kb bands (Fig. 4 D) . Their sequences clearly demonstrate that recombination took place between the S and S␣ regions and that occasional mutations were introduced in the proximity of the junctions as reported for the endogenous CSR junctions (23, 24) .
Relationship of Transcription with Histone Acetylation. We have then examined whether increase in S␣ transcription is correlated with the level of histone acetylation which has been shown to be a measure of chromatin opening of the locus (37) . As shown in Fig. 5 , even in the presence of high concentrations of tet, acetylation of histone H3 associated with the tet promoter region was already as high as those of the CD19 and Ig I␣ promoters which are transcriptionally active in CH12F3-2 cells (28) . Histone H3 acetylation in the tet promoter was not augmented even after either cytokine stimulation, transcription induction or both. As a negative control, histone H3 associated with the CD3 gene was not acetylated at all. The results are consistent with the idea that the chromatin structure of the S␣ region in SCT(,␣) may be in an open state before the transcription induction by tet removal.
CSR Is Not Affected by Expression of Germline Transcripts in Trans.
To examine whether the amount of S region transcripts is important for efficient CSR, we introduced an expression vector capable of overexpression of S␣ germline transcripts (CESS-V2F␣) into HTG204 cells, transfectants of CH12F3-2 cells with SCG(,␣) which contains the S and S␣ regions both constitutively transcribed (Fig. 6 A) . CESS-V2F␣ was designed to have the same structure as S␣ transcripts of SCG(,2␣) integrated in HTG204 cells except for an insertion of a 151-bp SP downstream of the EGFP gene (Fig. 6 A) . This enables us to distinguish S␣ transcripts of the switch substrate SCG(,2␣) from those of CESS-V2F␣ by the spacer size difference of RT-PCR products.
Five HTG204 transfectants with CESS-V2F␣ were compared for the switch efficiency with two control cell lines, parental HTG204, and its transfectant with CESS-V2F␣ devoid of S␣ (CESS-V). HTG204 switched 20 and 2.49% in the endogenous and transgenic loci, respectively, 3 d after stimulation. As shown in Fig. 6 B, the switch efficiencies of the endogenous and transgene loci were generally in parallel with each other as assessed by immunostaining and FACS ® analysis. Comparative amounts of S␣ germline transcripts from SCG(,␣) and CESS-V2F␣ were also semiquantitatively determined by RT-PCR (Fig. 6 C) . HTG204 transfectants with CESS-V2F␣ expressed variable amounts of S␣ transcripts from CESS-V2F␣. By contrast, the amounts of S␣ transcripts from SCG(,2␣) were relatively stable among the transfectants. Nonetheless, the switching efficiencies of the five transfectants were similar to those of the control cells and had no correlation with the relative amounts of the two S␣ transcripts, suggesting that trans germline transcripts may not affect the CSR efficiency.
CSR Is Not Affected by Bacterial RNaseHI Expression in CH12F3-2 Cells.
Several investigators have proposed a hypothesis that the nascent S region transcripts may form hybrid duplexes with the template DNA strand and that the hybrid or R-loop structure could be recognized by CSR recombinase (18) (19) (20) . If this is the case, overexpression of E. coli RNaseHI may affect the efficiency of CSR in CH12F3-2 cells. A tet-inducible RNaseHI expression vector, RNaseHI-IRES-EGFP (Fig. 7 A) , was introduced into CH12F3-2 cells and transfectants were selected by EGFP expression. The four transfectants showing EGFP expression only by tet removal were examined for the CSR efficiency in the presence or absence of tet (Fig. 7 B) . All of them did not change the CSR efficiency with or without tet when stimulated for 1 or 3 d. Two of the four were confirmed for their expression of bacterial RNaseHI by the renaturation gel assay (Fig. 7 C) . As E. coli RNaseHI has a small molecular size (18 kD), it can go through the nuclear pore without the nuclear localization signal (38) . It is worth noting that CH12F3-2 cells express significant levels of endogenous RNaseH.
Discussion
We have examined the role of germline transcription of the S region and its products in CSR. Although S region transcription has been shown to be important for selecting a counterpart S region to be recombined with S (16), it has not been examined whether the effect of S region transcription on CSR is all-or-none or quantitative. These results clearly indicate that the efficiency of germline transcription is linearly related to CSR efficiency over a broad range.
Germline transcription of an S region is believed to enhance accessibility of the S region (17) . Accessibility of the locus to a putative recombinase is not clearly defined at the molecular level and may depend on several factors such as (a) chromatin structure, (b) target DNA structure, and (c) adapters required for recombinase binding to the locus. Opening of the chromatin structure may facilitate recognition of any DNA structure by CSR recombinase. We have shown that transcription does not change the histone acetylation level in the S region of SCT(,␣), which is required for chromatin opening. As we have selected transfectants carrying randomly integrated transgenes whose S region promoters are active, it is likely that the S region in the transgene is already open before tet removal. In fact, RT-PCR analysis of SCT(,␣) transfectants detected basal levels of Pre-ST II at a high concentration of tet (16 ng/ml) where CSR was hardly observed (data not shown).
Recombinase may not be able to bind a target unless the structure of the recognition target is appropriate. We have already shown that the primary sequence of the S region is not the recognition target of CSR recombinase (30) . More recently, we have shown that class switch recombinase may recognize the secondary structure of the S region because a multiple cloning site sequence containing palindromes can replace the S region (29) . Furthermore, CSR junctions are preferentially clustered around the neck region, namely the border between double-stranded and single-stranded region in the computer-generated secondary structure. Possible recognition structures may include RNA transcripts which can hybridize with template DNA (18) (19) (20) . The experiments with induced overexpression of E. coli RNaseHI in CH12F3-2 cells failed to support involvement of such hybrids in CSR. In addition, constitutive expression of endogenous RNaseH in CH12F3-2 cells suggests that the stable levels of such hybrids may be low if present at all. We also showed that various levels of germline transcripts from the second transgene did not affect CSR of the initial switch construct. These results suggest that S region transcription per se may be critical to CSR. However, it is also possible that in situ processing of transcripts such as splicing may be important for CSR (21, 22) . Finally, CSR recombinase may require the RNA polymerase complex as adapter to bind the target DNA structure. These possibilities are not mutually exclusive with transcription-induced formation of the secondary structure in S regions.
Taking these results in toto, it is possible that transcription of the S region may be important for formation of the secondary structure in partially denatured S regions during transcription. If so, efficient transcription of S regions facilitates CSR by enhancing the formation of such secondary structures which probably depend on transient and partial denaturation of the S region during transcription. When transcription of the S region is limited by the ability of RNA polymerase to load onto the promoter, formation of secondary structure in the S region would be maximal at a certain point. Under these conditions, CSR recombinase could be limiting. It is therefore reasonable that an increase in transcription beyond a certain level does not yield more CSR products (Fig. 3 D) .
The recent discovery of AID and characterizations of AID deficiency in mouse and man have clearly demonstrated that CSR and SHM share a common molecular mechanism (25, 26) . SHM as well as CSR has been shown to depend on transcription of the target DNA (39) (40) (41) . Furthermore, increased transcription levels of a target construct were shown to induce higher mutation rates (42) . Secondary structures in the variable region could be a recognition target by a putative mutator for SHM (43) . In fact, formation of palindromic hairpin structures was predicted not only in S regions but also in V regions when they are single stranded (44) . All these common features appear to support a scenario in which AID edits precursor mRNA for an endonuclease which recognizes secondary structures in single-stranded S and V region DNAs during efficient transcription (1) . The search for target mRNA for a putative RNA editing activity of AID is a key to solve the molecular mechanism for both CSR and SHM.
